The impact of an inherited BRCA2 mutation on the prognosis of women with breast cancer has not been well documented. We studied the effects of oestrogen receptor (ER) status, other prognostic factors and treatments on survival in a large cohort of BRCA2 mutation carriers.
Under the precision medicine initiative, women with breast cancer stand to benefit from treatments that are tailored specifically to their tumour type and to individual host factors (Collins and Varmus, 2015) . There is increasing evidence that specific variants in a patient's genotype may be independent predictors of breast cancer survival or response to treatment. For example, women with breast cancer and a BRCA1 mutation benefit from oophorectomy, (Huzarski et al, 2013; Metcalfe et al, 2015) and respond to cisplatinum (Byrski et al, 2010) and to olaparib (Lee, et al, 2014) more than do patients without a BRCA1 mutation. Much of the information we have gathered to date about prognosis and response to therapy for BRCA1 carriers comes from cohort studies of founder populations, in particular, studies of Jewish (Robson et al, 2004; Rennert et al, 2007) and Polish (Huzarski et al, 2013) women. Little is known about the clinical history of breast cancer in BRCA2 carriers. In most countries, BRCA2 mutations are rare and genetically diverse, making large-scale observational studies difficult. However, in countries where founder mutations are common, it is possible to conduct historical cohort studies whereby the genetic status of a patient diagnosed in the past is ascertained using stored tissue blocks (Rennert et al, 2007) . The patient is then followed from diagnosis until the present.
In Iceland, the BRCA2 mutation 999del5 (also written c.771_775del5) is a common founder mutation. (Johannesdottir et al, 1996; Thorlacius et al, 1996) This five base-pair deletion is present in 0.8% of women in the general population (Thorlacius et al, 1997; Gudbjartsson et al, 2015) and in 7-8% of breast cancer patients (Johannesdottir et al, 1996; Thorlacius et al, 1997) . Other mutations in BRCA2 and BRCA1 are rare. Iceland is a small country that is noteworthy for keeping comprehensive national health records, which can be linked using a personal identification number.
We recently published preliminary results that, in breast cancer patients carrying the Icelandic founder mutation 999del5, a positive oestrogen receptor (ER) status predicts an adverse outcome (Tryggvadottir et al, 2013) . It is important to verify those results in a larger study, and to find out whether the association between survival and ER status in this genetic subgroup might vary by treatment given. By combining genetic data from three sources we established a cohort of 285 women with breast cancer and the BRCA2 mutation 999del5, thus extending by 153 carriers our previous study of 109 cases (Tryggvadottir et al, 2013) . The period of case ascertainment included patients treated before and after the introduction of chemotherapy and of hormonal treatments. We report here the effects of ER status, of other prognostic factors and of different treatments on the survival of BRCA2 mutation carriers and non-carriers over an 80-year period.
MATERIALS AND METHODS
Study population. Mutation-positive breast cancer cases and mutation-negative controls were identified from among 3577 women in Iceland with breast cancer who had been tested for the BRCA2 999del5 mutation in the period 1995-2012. These 3577 tested cases represent 58% of all 6160 incident cases of invasive breast cancer diagnosed from 1935 through 2012. The majority of the tested cases (2954 women) were diagnosed in 1980-2004, constituting 85% of all cases diagnosed in Iceland that period.
Mutation-positive cases. Testing took place in two genetics laboratories in Reykjavik, Iceland, in the context of several previous research projects that are described elsewhere, (Tulinius et al, 2002; Arason et al, 2010; Tryggvadottir et al, 2013 ) and the results have been combined to generate a cohort of mutation-positive breast cancer patients. The research projects were originally based on the Family Collection of the Icelandic Cancer Society that was founded in 1972 and consists of 995 breast cancer probands who were selected for genealogical tracing by defined periods of diagnosis and year of birth and thus unselected with respect to family history (Tulinius et al, 2002) . They have been tested for the BRCA2 mutation 999del5, and so have their 374 relatives with breast cancer. In addition, testing was done on 723 cases diagnosed in 1979-1995 who participated in the nation-wide cohort study of the Icelandic Cancer Detection Clinic (Tryggvadottir et al, 2003) and on 1473 cases diagnosed in defined time intervals during the period 1986-2012, and finally on 12 cases with family history of breast cancer who participated in family studies of the Icelandic Cancer Society in 1988 -2004 (Thorlacius et al, 1996 . Thus, only 0.3% of the tested cases were selected on the basis of family history.
Of the 3577 women who underwent testing, 271 (7.6%) were positive for the 999del5 mutation. We identified 14 additional mutation carriers with breast cancer through the Genetic Counseling Unit in Reykjavik (Stefansdottir et al, 2013) bringing the total to 285 cases.
Mutation-negative control patients. From among the 3306 mutation-negative cases, we identified two mutation-negative control patients for each of the 285 mutation carriers. The 570 non-carriers were matched at random to carriers on year of birth and year of diagnosis.
Prognostic factors and treatment. For each of the 855 patients we sought clinical and pathology information from several sources by record linkage. The population-based Icelandic Cancer Registry contains information on all incident breast cancer patients in the country since 1955 (Sigurdardottir et al, 2012) . In addition, the Registry keeps a complete list of all breast cancer cases diagnosed from 1911 to 1954 (Snaedal, 1965 Statistical analysis. Mean values for continuous variables were compared for mutation carriers and non-carriers using the t-test statistic. The w 2 -test was used for comparing proportions. All statistical tests were two-sided and P-values o0.05 were considered to be statistically significant.
Patients were followed from the date of diagnosis of first invasive breast cancer until death or last date of follow-up (31 December 2014). Of the 855 patients in the study, 584 had been tested for the mutation using a paraffin-embedded tumour specimen and 271 using a fresh blood specimen. Fixty-six cases had their blood sample taken 42 years after diagnosis. To avoid survivorship bias (Tilanus-Linthorst et al, 2006) we used left-truncated survival analysis, that is, the follow-up time began at the date of sampling for all women who were genetically tested using blood samples taken after diagnosis. Patients who died of causes other than breast cancer were censored at the date of death. The Kaplan-Meier method was used for generating univariable survival curves and the log-rank test was used for estimating P-values. Adjusted hazard ratios (HRs) were estimated using the Cox proportional hazards model. In the multivariable analysis, the HR was adjusted for year of birth and year of diagnosis (continuous variables), tumour size, (o20 mm; 20-50 mm; 51 þ mm), lymph node status (positive/negative), grade (I, II, III) and ER status (negative/positive). Oophorectomies were not included because data were only available for women who were alive from 1989 onwards.
We first evaluated prognostic factors for subgroups of patients defined by mutation status, including an interaction term for BRCA2 mutation status and prognostic factors. Additional adjusted and stratified analyses were conducted to evaluate the effects of various treatments on the survival difference between mutation carriers and non-carriers, restricting the study group to patients treated from 1980 to 2012, that is, the era after the introduction of modern therapies. In this cohort study the matching variables (year of birth and year of diagnosis) were included in all Cox models according to Sjölander (Sjölander and Greenland, 2013) . Hormonal treatment was restricted to tamoxifen before year 2000, but included aromatase inhibitors thereafter. Chemotherapy regimens were divided into those containing an anthracycline and those that did not contain an anthracycline. Patients with missing values were excluded from the Cox models. All analyses were performed using STATA Statistical Software Stata/IC 10.0 for Windows.
RESULTS
Tumour characteristics in carriers and non-carriers. Of the 855 patients, 21 patients who had metastatic disease at diagnosis were excluded, leaving 279 mutation-positive cases and 555 mutation-negative cases for analyses. The BRCA2 carriers had, on average, larger cancers than non-carriers (2.7 cm vs 2.4 cm; Po0.001) and mutation carriers were more likely to present with positive lymph nodes (55% vs 43%; P ¼ 0.001) ( Table 1) . In BRCA2 carriers, 76% of the cancers were ER-positive, compared with 70% of the cancers in non-carriers (P ¼ 0.11) and in BRCA2 carriers, 12% were low grade, compared with 26% in non-carriers (Po0.01).
In BRCA2 mutation carriers, women with ER-positive breast cancer were more likely to be node-positive than were women with ER-negative cancers (63% vs 32%; Po0.01) ( Table 2) . In mutation carriers, positive ER status was also positively associated with tumour size. In non-carriers, the opposite was true; positive ER status was associated with smaller cancers and with node-negative cancers (Table 2) .
Tumour characteristics and survival. Increasing tumour size and positive lymph node status were associated with inferior breast cancer-specific survival, both among mutation carriers and noncarriers (Table 3) . Tumour grade had significant prognostic value among non-carriers, but not among carriers although the test for interaction was not significant (P ¼ 0.11). Over an 80-year study period the proportion of cases with ER-positive tumours remained stable (Supplementary Figure 1) . Among non-carriers, positive ER status was a favourable prognostic factor (HR adjusted for year of birth and year of diagnosis 0.71; 95% CI ¼ 0.51-0.97; P ¼ 0.03). Among carriers, women with ER-positive cancers did worse than women with ER-negative cancers (HR ¼ 1.94; 95% CI ¼ 1.22-3.07; P ¼ 0.005; P-value for interaction between carrier status and ER status; Po0.001). When also adjusting for tumour size and lymph node status the HR comparing ER þ tumours with ER À tumours changed from 0.71 to 0.72 (0.49-1.05, P ¼ 0.09) for non-carriers and from 1.94 to 1.43 (0.85-2.42, P ¼ 0.18) for mutation carriers. The association between positive ER status and poor survival among BRCA2 carriers was present in the period (HR ¼ 1.97; 95% CI ¼ 0.98-3.94, P ¼ 0.06) and in the period 1980 to 2012 (HR ¼ 1.75; 95% CI ¼ 0.94-3.27, P ¼ 0.08) (Figure 1 ).
Treatment and survival. The standard treatments were introduced into Iceland in the 1980s (Supplementary Figure 2) and therefore, in order to evaluate the effects of the various treatments on survival in BRCA2 carriers (and non-carriers) we restricted the following analyses to patients treated from 1980 onwards. In this period, the 15-year actuarial breast cancer-specific survival for BRCA2 carriers was 55% (95% CI ¼ 0.4-0.63%) and for non-carriers was 75% (95% CI ¼ 0.70-0.80%). Among BRCA2 carriers, the adjusted HR associated with mastectomy vs lumpectomy was 0.49 (95% CI: 0.21-1.11; P ¼ 0.09) (p for interaction ¼ 0.007) ( Table 4) . Among carriers, the HR for chemotherapy (any) vs no chemotherapy was 0.35 (95% CI, 0.16-0.80; P ¼ 0.01) (p for interaction ¼ 0.06). Anthracyclines were the main type of chemotherapy in use after year 2000 (Supplementary Figure 2) and in 35% of recipients they were accompanied by a taxane. Non-anthracycline regimens included CMF (58%), CMF plus vincristine (37%) and other regimens (only or with taxanes) (5%). The beneficial effects of anthracyclines and of other chemotherapy regimens on survival in mutation carriers were similar (Table 4) .
After adjustment for other prognostic factors and treatment, a positive BRCA2 status was associated with a significantly worse prognosis than a negative status (HR ¼ 1.61; 95% CI ¼ 1.11-2.35, P ¼ 0.01) ( Table 5 ). This survival difference between the two subgroups was statistically significant among patients with ER-positive Figure 3 we present breast cancer-specific survival curves according to the use of chemotherapy among patients with ER-positive tumours. In general, women treated with chemotherapy have more aggressive disease than women who do not receive chemotherapy. Despite this, among women with a BRCA2 mutation, those treated with chemotherapy did better than women not treated with chemotherapy (this was not seen among non-carriers).
Contralateral breast cancer. Overall, 18.6% of the mutation carriers had a contralateral breast cancer, compared with 6.7% of non-carriers (Po0.001) ( Table 1 ). The cumulative incidence of contralateral breast cancer at 20 years among mutation carriers was 35.3% (95% CI ¼ 26.2-46.4%).
DISCUSSION
In this population-based cohort study of breast cancer patients, positive ER status was associated with a poor prognosis in women with a BRCA2 mutation. The mutation carriers had inferior long- term survival than patients without a BRCA2 mutation, but this difference was mainly seen for women with ER-positive breast cancer. Presence of the BRCA2 mutation modified the association between ER status and survival, and in a subgroup analysis an adverse effect of having the BRCA2 mutation on prognosis was seen in women with ER-positive breast cancer (HR ¼ 1.92; 95% CI ¼ 11.20-2.35; P ¼ 0.006) but not in women with ER-negative cancer (HR ¼ 1.12; 95% CI ¼ 0.54-2.31; P ¼ 0.077). The (adjusted) survival difference between carriers and non-carriers was statistically significant only among women who did not receive adjuvant chemotherapy, indicating that the disparity in survival might be eliminated through the use of chemotherapy. A similar result was reported by Goodwin et al, 2012 in a much smaller data set (72 BRCA2 carriers). Furthermore, in our study, the HR for BRCA2 carriers who received chemotherapy (compared with no use) was 0.35 (95% CI ¼ 0.16-0.80; P ¼ 0.01) after adjustment for prognostic factors and other treatments, whereas this effect was not found for non-carriers. These observations and those of Goodwin et al suggest that chemotherapy should not be withheld from women with a BRCA2 mutation on the basis of ER status, but further studies are needed to support this clinical recommendation.
In 2013, we first proposed that carriers of the BRCA2 mutation 999del5 in Iceland have a poor prognosis if their tumours are ER-positive (Tryggvadottir et al, 2013 ) and this observation is confirmed in the current, much larger study. Contrary to expectation, in BRCA2 mutation carriers, positive ER status was positively correlated with positive lymph node status and with large tumour size, and tumour grade did not correlate with outcome. Among non-carriers the expected associates were observed. After adjusting for tumour size and lymph node status, the increased risk associated with positive ER status in BRCA2 carriers was no longer statistically significant. The basis for the unexpected association between a positive ER status and poor prognosis in BRCA2 carriers is unclear but these findings suggest that oestrogen signalling pathways might differ in cancers depending on the state of BRCA2. These data also suggest that luminal A characteristics based on IHC analyses may not be favourable in all women with breast cancer. Recent results from Iceland indicate an association between the loss of the intact BRCA2 allele and a positive ER status in mutation carriers (Stefansson et al, 2011) . The BRCA2 protein is large and much remains to be understood about its functions and of the tissue-specific carcinogenic effects of BRCA2 mutations.
We found that among BRCA2 carriers with ER-positive breast cancer, mortality was not reduced with the use of hormonal therapy (tamoxifen) (HR ¼ 1.03; 95% CI ¼ 0.41-2.60) but the confidence limits are wide. A similar result was reported by Goodwin et al, 2012 . Further research is needed before tamoxifen should be discounted as adjuvant hormonal therapy for BRCA2 carriers.
We also saw a protective effect of mastectomy vs lumpectomy in BRCA2 carriers, albeit not statistically significant (P ¼ 0.09). This is in keeping with the result of Metcalfe et al, 2014 in BRCA1 and BRCA2 carriers and is likely the consequence of preventing new primary ipsilateral cancers. We were not able to compare the survival of women with unilateral vs bilateral mastectomy in this study. Only four carriers were aware of their genetic status at the time of diagnosis and therefore bilateral mastectomies were not offered. Nevertheless, given the result presented here regarding unilateral mastectomy, coupled with the results of Metcalfe et al, 2014 and of Heemskerk-Gerritsen et al, 2015 is it rational to offer the option of bilateral mastectomy to women with breast cancer and a BRCA2 mutation. In non-carriers, the outcomes of patients treated with mastectomy and breast-conserving surgery were similar, in keeping with the results of key randomised controls trials (Fisher et al, 2002) . The study has several strengths, including a large number of patients, a long period of follow-up and access to pathology samples from 1935 onwards. Our study had a mean follow-up time of 13.6 years. An 80-year period of case ascertainment witnessed the introduction of chemotherapy and other current treatments. Both carriers and non-carriers were derived from the same database of breast cancer patients, the majority of patients were unselected with regards to family history and the majority of mutation carriers with breast cancer in the country were included. Genetic counselling for cancer was first established in Iceland in 2006 (Stefansdottir et al, 2013) and only four mutation carriers in the present study had knowledge of their carrier status at the time of diagnosis. Treatment was decided without respect to mutation status and therefore, prophylactic oophorectomies or mastectomies are not likely to have influenced the results.
There are several limitations as well. There is a potential concern for using archival tumour material for the IHC staining for ER status; however, the proportion of ER-positive tumours was similar in the first period (1935) (1936) (1937) (1938) (1939) (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) (1950) (1951) (1952) (1953) (1954) ) (67%) as in 1955-2012 (72%) . This is a historical cohort study and treatments were not assigned at random, therefore the results concerning treatment need to be interpreted with caution. Furthermore, treatments have evolved since the first patients in this study were treated for their cancer. To minimise the potential impact of the changes in diagnostic methods and treatment during an 80-year period of study, we restricted the analyses of treatment effects to patients diagnosed from 1980 to 2012. Few women were treated with bilateral mastectomy and this could not be evaluated. HER-2 status was not assessed in this study. However, BRCA2 mutation carriers have a low prevalence of HER-2 amplifications (Honrado et al, 2005) and HER-2 status is not a likely confounder of the association reported here between a positive ER status and poor survival. This is the largest and most comprehensive study of the clinical course of breast cancer in BRCA2 carriers but is limited to 285 patients, all of whom had the same BRCA2 mutation (999del5). It is not clear to what extent our findings are generalisable to patients with other BRCA2 mutations.
In conclusion, we observed an adverse outcome associated with a positive ER status among women with breast cancer who carry a BRCA2 mutation. We found a long-term survival disadvantage of mutation carriers, which might be mitigated by the use of adjuvant chemotherapy. The results suggest that neither a positive ER status nor low tumour grade should be used to withhold treatment from women with a BRCA2 mutation, but they require confirmation in other populations. The data presented here support the principle that precision medicine has the potential to sub-classify patients by host factors in order to provide appropriate treatment.
